The stress physiology of lactic acid bacteria (LAB) has been the target of rigorous investigation in recent years because it reveals the ability of strains to withstand and perform under the fluctuating and harsh conditions of food processes (9, 40) . Among the stresses faced by LAB, acid stress is probably the most prominent, as such bacteria continuously acidify their surrounding environment by fermenting carbohydrates into acidic end products (33) . Robustness under low-pH conditions is a desirable asset for industrial strains, to ensure their incessant contribution in the fermentation process that would otherwise be abrogated by this self-imposed stress (40) . Aciduricity is also necessary for the survival of a strain during its transition through the digestive tract, after consumption, to exert its probiotic effects, if any (25) .
Within acid stress physiology, a feature of LAB that has attracted much attention is their ability to develop an acid tolerance response (ATR) (40) . The ATR reflects the inherent ability of a bacterium to adapt to a sudden drop in extracellular pH. The experimental setup most commonly used to demonstrate and quantify the ATR of a strain is the following: cells are either transiently exposed to or continuously cultivated at a suboptimal acidic pH value and then acid challenged at an extreme pH value. Even a superficial examination of the related literature reveals that the parameters of such experiments (e.g., the combination of pH values for adaptation and lethal challenge, the duration of the treatment, the medium composition, etc.) are chosen in a rather arbitrary manner. While the development of a unique framework for this type of experiment may be unfeasible, since ATR characteristics are species and, many times, subspecies dependent (9), the current status of information obscures our understanding of the phenomenon. Comparing the behaviors of different strains under acid stress conditions based on the conclusions drawn in different studies is often problematic. Most importantly, it has not yet been clearly established whether the ATR is manifested through an inimitable mechanism for a strain at a specific growth phase or, if not, to what extent the mechanism is influenced by the treatment used to induce the response. Conflicting evidence has been presented about the contribution of the proteins induced by acid stress in the overall response for Lactococcus lactis (20, 33) , while the proteomes of acidadapted Streptococcus mutans cells differed in two separate reports (21, 43) . These inconsistencies have been attributed mainly to the different procedures employed to invoke the ATR in each of these studies (16, 43) . Furthermore, the type of proteins induced in L. lactis transiently exposed to low pH was influenced by the pH value (16) , and many of the genes that were overexpressed after a short-or a long-term acidic shock were found to be treatment specific for Streptococcus pneumoniae (27) . All these examples strongly favor the notion that the mechanisms underlying ATR are affected by the distinctiveness of the environment that triggers the adaptation.
We previously assessed the acid stress physiology of Streptococcus macedonicus at the single-cell level, using flow cytometry and cell sorting (31) . With this approach, we detected four differently induced acid-tolerant phenotypes that displayed dissimilarities in significant aspects of the ATR (e.g., survival rate, F-ATPase activity, cell wall biosynthesis, etc.). The aim of the current study was to investigate the effects that different treatments had on the ATR of S. macedonicus by using RNA arbitrarily primed PCR (RAP-PCR) and Fourier transform infrared spectroscopy (FT-IR). RAP-PCR has been successfully employed for detecting changes at the transcriptional level in several bacterial species exposed to stressful environments (6, 8, 35) , while FT-IR has been shown to be an invaluable tool for the characterization of the global chemical composition of cells (29, 41) . The main objective for implementing these approaches was to determine changes in the underlying mechanism of ATR caused by each of the treatments, as well as plausible distinctive traits of the derived phenotypes. Finally, this work reflects our interest in the acid stress physiology of food-related streptococci, since most of the knowledge about the genus stems from research performed with pathogenic strains.
MATERIALS AND METHODS
Microorganism and growth conditions. The gram-positive bacterium S. macedonicus strain ACA-DC 198, isolated from naturally fermented Greek kasseri cheese (39) , was used to study differential gene expression and global cellular biochemical changes under optimal and acid-adapting conditions. The strain was routinely cultured in MRS medium supplemented with 200 mM morpholinepropanesulfonic acid (MRS-MOPS), pH 7.0, at 37°C. The experimental setup was previously described (31) . Briefly, control nonadapted cells were grown in MRS-MOPS medium until mid-log phase (approximately 10 9 cells/ml; optical density at 600 nm [OD 600 ], ϳ0.6). For induction of the logarithmic ATR, cells were inoculated in unbuffered MRS medium (pH 7.0) and left to progressively acidify the medium through glycolysis, until mid-log phase (approximately 10 9 cells/ml; OD 600 , ϳ0.6). Alternatively, mid-log-phase cells grown in MRS-MOPS medium were recovered by centrifugation and transiently exposed in MRS medium (pH 5.5) for 1 h. For acid habituation, cells were grown in MRS medium (pH 6.0) until mid-log phase (approximately 5 ϫ 10 8 cells/ml; OD 600 of ϳ0.5). Furthermore, for stationary-phase ATR induction, cells were obtained after final growth for 12 h in MRS-MOPS medium (approximately 10 10 cells/ml; OD 600 , ϳ1.2). RNA extraction and preparation. Total RNA was isolated with RNeasy and RNAprotect kits (Qiagen Inc., Valencia, CA) according to the manufacturer's instructions. Residual contaminating genomic DNA was removed by on-column digestion with DNase I (Qiagen Inc.) during total RNA isolation. RNA concentration and purity were determined spectrophotometrically by measuring the A 260 /A 280 ratio of a 1:200 dilution in RNase-free water. The integrity of total RNA was assessed electrophoretically.
RAP-PCR. Basically, RAP-PCR was performed according to the optimized protocol for gram-positive bacterial RNA, as previously described, with some modifications (35) . In brief, first-stand cDNA synthesis was performed using 1 g of heat-denatured (10 min, 70°C) total RNA in reaction mixtures containing 1.0 M of the arbitrarily chosen primer (5Ј-CGTATTCATAAGCTTCTCCC GA-3Ј), 0.5 mM of each deoxynucleoside triphosphate, 40 U of RNasin Plus RNase inhibitor (Promega Corp., Madison, WI), and 1ϫ reverse transcription (RT) reaction buffer. After the mixture was equilibrated at 37°C for 5 min, 4 U of Omniscript reverse transcriptase (Qiagen Inc.) was added to a final volume of 20 l, and the reaction mixture was incubated at 37°C for 1 h. Subsequently, the reverse transcriptase was heat inactivated at 90°C for 5 min, and the reaction mixture was placed on ice for 10 min. For second-strand synthesis, 10 l of a 1:10 dilution of the cDNA preparation was used. PCR was performed with Taq PCR Master Mix (Qiagen Inc.) at a final volume of 100 l, with 1.0 ⌴ of the same arbitrarily chosen primer. PCR thermal cycling was performed with one lowstringency cycle of 94°C for 3 min, 37°C for 5 min, and 72°C for 5 min, followed by 39 high-stringency cycles consisting of 94°C for 1 min, 47°C for 1 min, and 72°C for 1 min and a final extension at 72°C for 10 min. RAP-PCR products (8 l) were separated on a 7% nondenaturing polyacrylamide sequencing gel, and cDNA bands were visualized after SYBR Gold staining (Molecular Probes Inc., Eugene, OR) with a Fluorchem 8800 (Alpha Innotech, CA) image analysis system. Pattern similarity analysis among the RAP-PCR fingerprints of the acidtolerant S. macedonicus phenotypes and the nonadapted control was performed with GelCompar version 4.0 software (Applied Maths, Kortrijk, Belgium). Analysis was done using Dice's similarity coefficient, and linkage levels were determined using the unweighted-pair group method using average linkages (UPGMA) clustering algorithm.
Isolation, cloning, and sequencing of RAP-PCR products. Individual DNA bands representing differentially expressed products were excised from the gel. cDNA extraction from the polyacrylamide was performed with a Qiaex II kit (Qiagen Inc.). The eluates obtained were reamplified with a Taq PCR Master Mix and the same primer used for the RAP-PCR. The parameters followed for this reaction were 94°C for 1 min, 47°C for 1 min, and 72°C for 1 min for 35 cycles and a final extension at 72°C for 10 min. Reamplified cDNA fragments were cloned with a TOPO TA cloning kit into Mach1 Escherichia coli T1 cells (Invitrogen, Carlsbad, CA). Plasmids containing the RAP-PCR product of interest were purified with a NucleoSpin Plasmid QuickPure kit (Macherey-Nagel GmbH and Co. KG, Düren, Germany) and sequenced (Biogenomica, Chalandri, Greece). The nucleotide and the deduced amino acid sequences were used for BLASTN and BLASTX similarity searches.
Validation of differential gene expression. Based on the nucleotide sequence of the differentially expressed RAP-PCR products, new sets of primers specific for each product were designed (Table 1) . For the RT-PCR, the Titan one-tube RT-PCR system was used according to the manufacturer's instructions (Roche Diagnostics GmbH, Penzberg, Germany) with 1 g of total RNA as the template. The absence of contaminating residual genomic DNA was verified in PCRs, using Taq PCR Master Mix and the same amount of RNA. Total RNA from control and acid-adapted cultures was extracted from two independent experiments and served as the template in two separate reactions for each gene. Samples were resolved on 12% nondenaturing polyacrylamide gels in duplicate, and bands were visualized with ethidium bromide. Bands were quantified using Gel-Pro Analyzer software (version 4.0). Analysis of variance (ANOVA) and Tukey's test were applied to determine the significance (P Ͻ 0.05) of the differences between the relative intensities of bands, using Statgraphics Centurion software (version XV). FT-IR sample preparation and measurements. Samples of ϳ10 9 cells were removed from control and acid-adapted cultures, washed twice with sterile saline solution (0.9% [wt/vol] ⌵aCl), and resuspended in 50 l of double-distilled water. Ten microliters of the resulting suspension was spotted at the center of an IR-transparent ZnSe optical disc. The samples were further vacuum dried in a desiccator in the presence of anhydrous silica. Bacterial IR spectra were obtained using a Nicolet 6700 spectrometer (Nicolet Instrument Corp., Madison, WI), and measurements were recorded in the range of 4,000 to 500 cm Ϫ1 , with an interval of 4 cm Ϫ1 . The final spectrum of each sample was achieved by averaging 80 scans. FT-IR data analysis. Before data were analyzed, the spectra were preprocessed, since FT-IR spectral features are often overlapped (41) . Spectral processing was performed using Omnic software (Thermo Electron Inc., San Jose, CA). The signal was smoothed and baseline corrected using algorithms built into the software. Furthermore, the second derivative of each spectrum was calculated with the Savitzky-Golay derivative filter and default parameters (12) . To compare global biochemical changes among control and differently induced acid-adapted S. macedonicus cells, we examined the spectral regions that offered the maximum information and discriminatory power for characteristic cellular macromolecules (29) , independently. In detail, we compared the second derivatives of the FT-IR spectra of the different phenotypes in the region that is typical for polysaccharides of the cell wall (1,200 to 900 cm Ϫ1 ), the mixed region governed by proteins, fatty acids, and other phosphate-carrying compounds (1,500 to 1,200 cm Ϫ1 ), the region influenced by the amide groups from proteins and peptides (1,800 to 1,500 cm Ϫ1 ), and, finally, the region dominated by the fatty acids of the bacterial cell membrane (3,000 to 2,800 cm Ϫ1 ). Data from these regions were exported to Statgraphics Centurion software (version XV) and subjected to the multivariate statistical technique of principal component analysis (PCA). PCA has been widely used in the interpretation of IR spectra, showing whether there are natural clusters in the data and describing similarities or differences from multivariate data sets (18, 24) .
Nucleotide sequence accession numbers. Sequences were deposited in the EMBL nucleotide sequence database under accession numbers AM939571 to AM939575 (Table 2) .
RESULTS

RAP-PCR analysis of S. macedonicus acid-tolerant phenotypes.
To identify changes at the transcriptional level of S. macedonicus cells during acid adaptation, we analyzed four differently induced acid-tolerant phenotypes by using RAP-PCR. Three of the phenotypes were derived from mid-logphase cells (i.e., after autoacidifying unbuffered medium, being transiently exposed in acidic medium, or becoming acid habituated by continuous growth under acidic conditions), while one phenotype was derived from cells grown until stationary phase (31) . Mid-log-phase cells cultivated in buffered medium served as a control. Total RNA extracted from control and acid-adapted cultures was inspected electrophoretically to ensure integrity of rRNA bands and that no overt degradation had occurred during the isolation steps (data not shown). Firstand second-strand syntheses were performed according to a RAP-PCR protocol optimized for gram-positive bacteria (35) . The arbitrarily chosen primer used in the reaction mixtures had been employed in previously reported RAP-PCR with Streptococcus pyogenes (8) . Amplified cDNA samples were resolved by polyacrylamide gel electrophoresis, resulting in typical RAP-PCR fingerprints (Fig. 1) .
The relative amount of a specific product amplified by RAP-PCR closely parallels the relative amount of the specific corresponding RNA molecule in a given sample of total RNA (42) . In this way, differences in gene expression can be inferred after a comparison of the RAP-PCR fingerprints is performed (35) . As expected, the majority of the RAP-PCR products were common throughout the cDNA profiles of all samples analyzed (Fig. 1) . Nevertheless, a considerable number of cDNA bands clearly differed in intensity, not only between the RAP-PCR profiles of the control and the acid-tolerant phenotypes but also among the profiles of the acid-tolerant phenotypes themselves. Additionally, a very small number of bands appeared specifically under one or two of the conditions tested and were basically absent from the others. Clustering the RAP-PCR fingerprints clearly segregated the RNA patterns of stationaryphase cells from those of mid-log-phase cells (approximately 72.5% similarity) (Fig. 1) . The latter were further separated into two subclusters (approximately 80% similarity), one containing the nonadapted control and the autoacidified cells (approximately 83.3% similarity) and the other containing cells adapted after transient exposure to low pH or after acid habituation (approximately 90.3% similarity). This distinction among the acid-tolerant phenotypes according to their RAP-PCR profiles clearly indicates that the treatments employed to trigger acid adaptation influenced S. macedonicus transcriptional response.
Identification, characterization, and validation of differentially expressed RAP-PCR products. To identify inducible genes of S. macedonicus in response to acid adaptation, distinct bands that exhibited higher abundance or were present solely in the RAP-PCR fingerprints of at least one of the acid-tolerant phenotypes in comparison to that of the control were recovered and reamplified by standard PCR, with the same arbitrary primer as that used in the RAP-PCR. Reamplified bands were subsequently cloned and sequenced. Five out of 14 cDNA fragments corresponded to protein-encoding genes, while the rest were identical with parts of the 16S or 23S rRNA molecules of the species. The proteins deduced from the sequence of the five fragments exhibited significant levels of identity with counterparts of LAB species closely related to S. macedonicus (Table 2) . Thus, the genes encoding the mannose-specific IID component, the 1,2-diacylglycerol 3-glucosyl- transferase, the 3-oxoacyl-acyl carrier protein, the large subunit of carbamoyl-phosphate synthase, and a hypothetical protein were found to be overexpressed under acid-adapting conditions. Differential expression of all protein-encoding genes was validated by RT-PCR, revealing expression patterns in accordance with those observed in the RAP-PCR fingerprints (Fig. 2) . This demonstrates that, indeed, transcriptional changes due to acid adaptation are affected by the treatment employed to trigger the response. As expected, the expression levels of 16S and 23S RNA, as determined by RT-PCR, were found to be equal among all samples tested (Fig. 2) , since the upregulation of these transcripts indicated by the RAP-PCR analysis is a typical artifact of the technique due to the high abundance of both molecules in bacterial total RNA extracts (28) . FT-IR analysis of S. macedonicus acid-tolerant phenotypes. Figure 3 shows the FT-IR spectra (4,000 to 600 cm Ϫ1 ) of the four differently induced acid-tolerant phenotypes and the nonadapted control. The spectrum of S. macedonicus cells was comparable to the spectra reported for other bacteria (11, 24, 29, 41) . Strong absorptions were detected in all four spectral regions that characterize the major cellular constituents. In detail, in the first region (Fig. 3, region I, 1,200 to 900 cm Ϫ1 ), the broad band at ϳ1,100 to 950 cm Ϫ1 arises from the stretching vibrations of the C-O of polysaccharides present within the cell wall. The second region (Fig. 3, region II, 1 ,500 to 1,200 cm Ϫ1 ), also called the mixed region, is informative mostly for the cell's proteins, fatty acids, and other phosphate-carrying compounds. Three major bands were observed in this region. Absorption at ϳ1,453 cm Ϫ1 can be assigned to bending of CH 2 in lipids or proteins and lipids, while absorption at ϳ1,400 cm Ϫ1 is due to C(CH 3 ) 2 vibrations in proteins or carbohydrates. The peak at ϳ1,240 cm Ϫ1 is attributed to the asymmetric stretching mode of phosphate groups in phospholipids or nucleic acids. In the third region (Fig. 3 , region III, 1,800 to 1,500 cm Ϫ1 ) the vibrations of amide I and II bonds result in two intense peaks at ϳ1,650 and ϳ1,550 cm Ϫ1 , respectively, reflecting the proteinaceous content of the cell. Finally, in the fourth region (Fig. 3, region IV, 3 ,000 to 2,800 cm Ϫ1 ), overlapped bands at around 2,900 cm Ϫ1 are assigned to the C-H stretching modes of the cell membrane fatty acids. FT-IR spectra of S. macedonicus exhibited differences among all phenotypes tested (including the nonadapted control) within the four spectral regions.
PCA of FT-IR spectra deriving from nonadapted and acidadapted S. macedonicus cells. FT-IR spectra of intact bacteria are usually composed of broad and superimposed absorbance bands deriving from the multitude of cellular components, and, thus, most of the information is more or less hidden (41) . Figure 4 shows overlaid second-derivative-transformed spectra of S. macedonicus acid-tolerant phenotypes and the nonadapted control for each spectral region. Second-derivative transformation separates absorption bands, removes baseline shifts, and increases apparent spectral resolution (24) . Indeed, this type of signal processing made differences between the spectral features of acid-adapted and nonadapted S. macedonicus cells much more prominent.
To appreciate the significance of this multivariate data set and to determine whether the method used to induce the ATR influences the overall response, we proceeded with PCA of the second-derivative-transformed spectra. PCA converts the original set of variables to a new set of uncorrelated variables called principal components (PCs) (18) . In the resulting plots of the PCs, the distance between points is the measurement for the similarity of the samples. Clear segregations with distinct sample clusters were observed among the acid-tolerant phenotypes and the nonadapted control (Fig. 5) . Discrete grouping of samples originating from different treatments in three out of four spectral regions (i.e., I, II, and III) was readily evident within the first three PCs, accounting for 75 to 85% of the variability in the original data. For the fourth spectral region . Bands exhibiting higher abundance than the control bands were excised from the gel, reamplified, cloned, and sequenced. cDNA fragments that were found to correspond to protein-encoding genes (B1 to B5) and internal regions of either 16S or 23S rRNAs are indicated by arrows and arrowheads, respectively. The dendrogram (% similarity) was inferred by the Dice similarity coefficient and the UPGMA clustering algorithm to identify pattern similarities among the RAP-PCR fingerprints.
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(IV), unambiguous clustering was achieved only after plotting PC2 to PC4 that described 19% of the cumulative variation of the samples. This result indicated subtler differences among the groups of samples in this particular region of the spectrum than among groups in other regions tested. Taken as a whole, PCA revealed unique features of the FT-IR spectra among the acid-tolerant phenotypes and the nonadapted control. Our findings show evidence for not only the presence of significant alterations in major chemical constituents of S. macedonicus cells due to acid adaptation but also a clear dependence of such alterations on the particular method employed to induce the response.
DISCUSSION
We previously reported that an ATR is induced in S. macedonicus cells at mid-log phase after autoacidification, transient exposure to nonlethal low pH, or acid habituation at a suboptimal acidic pH, as well as after the entrance of cells into stationary phase (31) . Here, we focused on the direct comparison of these acid-tolerant phenotypes, looking for probable differences at the transcriptional level and the whole-cell chemical composition. Our goal was to elucidate the effect of the growth phase on ATR and, most importantly, to determine whether the response is influenced by the different treatments employed to induce it.
Although the application of RAP-PCR to prokaryotes has been well documented, studies of gram-positive microorganisms are limited (6). RAP-PCR was originally adapted from the differential-display PCR method, and it is a powerful technique for the analysis of transcriptional changes, especially those of organisms for which very little or no genetic information is available (6, 22) . Even though more robust or modern techniques have been developed for gene expression profiling, RAP-PCR has in many cases significant advantages (5, 10, 36) , and it is still being used as a valid method for many studies performed with different organisms (4, 17, 23, 34, 37) . In our case, we employed this technique to determine transcriptional changes of S. macedonicus due to acid adaptation. Differences in the resulting fingerprints were detected among all phenotypes tested. Clustering of the cDNA patterns revealed a clear segregation of stationary-phase cells from all of the mid-logphase acid-adapted cells, providing evidence that the mechanisms underlying ATR induction are apparently growth phase dependent. Interestingly, the ATR at a particular growth phase was also found to be influenced by the treatment used to invoke it, since transiently adapted and acid-habituated midlog-phase cells clustered together with a high degree of similarity, though separately from autoacidified cells. This classification of the acid-tolerant phenotypes based on their RAP-PCR fingerprints strongly parallels the survival rates the cells exhibited after undergoing an acidic lethal challenge (31) . Stationary-phase cells showed the highest tolerance, followed by the transiently adapted and acid-habituated cells, which were indistinguishable in terms of their survival, and the autoacidified cells with the faintest resistance (31) . The divergence of the stationary-phase-induced ATR from that induced at mid-log phase after different manipulations was more or less expected. It is well established that bacteria cells entering the multistress environment of stationary phase cease growth and develop a general stress-resistant state that also confers acid tolerance (40) . In LAB, this distinct physiological condition is usually independent of external pH (1, 20, 40) , but the autoacidifying capacity of such microorganisms probably contributes to its induction by accelerating energy depletion (13, 38) . On the contrary, acid tolerance is induced at mid-log phase in response to the sole stimulus of low extracellular pH to counteract its negative effects and sustain growth (9, 40) . Similar to our findings, both common and unique acid-induced genes, after a short-term or a long-term acidic shock, have been reported for S. pneumoniae (27) . Furthermore, the fact that the ATR of autoacidified cells was found to be even less similar to that of the other two mid-log-phase acid-tolerant phenotypes is indicative of the different effect the gradual pH reduction through lactate accumulation has on S. macedonicus cells. The RAP-PCR approach also allowed us to identify a set of acid stress-responsive genes of S. macedonicus for the first time. The deduced amino acid sequence of the first cDNA band showed the highest similarity (92%) with the IID component of the mannose-specific phosphoenolpyruvate-phosphotransferase system (PEP-PTS) of S. mutans UA159. In most streptococci, there is no PEP-PTS specific for glucose, so the mannose-specific PEP-PTS is responsible for the transport of this sugar (7) . The upregulation of this transcript verifies our previous observations in which glucose uptake through PEP-PTS activity was found to be increased in all mid-log-phase acid-tolerant phenotypes in comparison to that of the nonadapted control (31) . S. macedonicus during acid adaptation also exhibited higher F-ATPase activity (31) . Under these conditions, glucose utilization may be necessary to compensate for the depletion of ATP pools caused by enhanced proton extrusion from the cytoplasm through the F-ATPase. The induction of both enzymatic activities during acid adaptation demonstrates that S. macedonicus responds differently to acidic conditions than the majority of oral streptococci, which typically upregulate F-ATPase and downregulate the glucose-specific PEP-PTS (32) .
The second cDNA band showed the highest similarity at the protein level (76%) to 1,2-diacylglycerol 3-glucosyltransferase of S. pyogenes MGAS10750. This enzyme is involved in the biosynthesis of the glycolipid moiety that anchors lipoteichoic acid onto the bacterial cell membrane (30) . In S. mutans, inactivation of the dltC gene encoding a protein that catalyzes the incorporation of D-alanine residues into the cell wall-associated lipoteichoic acids resulted in acid sensitivity, reduced ability for ATR induction, and increased proton permeability (3). When these findings are combined, they could indicate a significant role for the teichoic acids in the ATR, since the polyanionic nature of this matrix is not only responsible for the homeostasis of ions but also assists in their trafficking (30) , which is clearly disrupted in S. macedonicus cells when they are exposed to acid stress (31) .
The deduced amino acid sequence of the third cDNA band showed the highest similarity (84%) with the 3-oxoacyl-acyl carrier protein synthase of S. mutans UA159. This protein is encoded by the fabF gene which belongs to the fab gene cluster that is responsible for fatty acid biosynthesis. In S. mutans, the membrane fatty acid composition is altered during acid adaptation toward an increased proportion of monounsaturated fatty acids, probably to decrease cell membrane permeability to protons (15) . The fabM gene product was found to be the key player for that conversion in this microorganism, since a fabM deletion mutant did not synthesize monounsaturated (region II); 1,800 to 1500 cm Ϫ1 (region III); and 3,000 to 2,800 cm Ϫ1 (region IV). Each spectrum presented is the average of spectra recorded from 12 independent experiments.
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PLASTICITY IN ACID TOLERANCE RESPONSE OF S. MACEDONICUS 6073 fatty acids and was rendered extremely sensitive to low pH (14) . In addition, S. mutans cells treated with the fatty acid biosynthesis inhibitor cerulenin were also unable to alter their membrane fatty acid profiles and survive severe acidification (15) . Despite the fact that cerulenin specifically inhibits the FabF activity in an irreversible manner, the contribution of this protein to the observed compositional changes of the cell membrane has not yet been investigated. The upregulation of the fabF transcript under acid-adapting conditions along with our previous observation that cerulenin inhibited ATR induction in S. macedonicus (31) , as it did in S. mutans, indicate an important role for FabF in this response. This finding is further supported by the general mechanism of fatty acid biosynthesis proposed for S. pneumoniae, in which competition between FabK and FabF acting downstream of FabM regulates the unsaturated/saturated fatty acids synthesis ratio (26) . The fourth cDNA band showed the highest similarity at the protein level (94%) to the large subunit of the carbamoylphosphate synthase (CarB) of S. mutans UA159. Carbamoylphosphate is an intermediate in pyrimidine and arginine biosynthesis. In S. pneumoniae, carB along with other genes involved in the first steps of the de novo biosynthesis of pyrimidine nucleotides were found to be upregulated under acidadapting conditions (27) . The enhanced nucleotide synthesis may be necessary to support the repair of damaged DNA that has been demonstrated to take place at low pH (19) . Nevertheless, carB induction could also be implicated in the production of arginine, which, after its degradation through the arginine deiminase pathway, releases NH 3 in an attempt to alkalize extracellular pH (32) .
Finally, the fifth cDNA band was determined to encode a hypothetical protein of L. lactis subsp. cremoris SK11. The function of this protein is unknown, so further investigation is needed.
It should be stated that the number of transcripts coding for proteins that were found to be differentially expressed is well within the average number of genes identified in other studies employing the same technique (6, 22, 35) . With the RAP-PCR approach, only a number of genes responsive during acid adaptation of S. macedonicus could be identified, and it is not excluded that the expression of other genes was also influenced. The profile of the RNA fingerprints is affected by many parameters including the amount of total RNA and the conditions chosen for the overall RAP-PCR, as well as the sequence of the arbitrarily chosen primer (35) . This is one of the limitations of the RAP-PCR approach, since it provides only a "snapshot" of a portion of the transcriptome. In addition, RT-PCR revealed differences in the expression patterns of the genes mentioned above among the acid-tolerant phenotypes that were in accordance with those observed in the cDNA fingerprints and, thus, validated the RAP-PCR method. Furthermore, changes in the transcriptome of S. macedonicus are very important for the ATR, since we previously demonstrated that actinomycin D and chloramphenicol (inhibitors of transcription and de novo protein synthesis, respectively) critically reduced the ability of the bacterium to induce the response (31) .
In a significant number of transcriptomics and proteomics studies concerning the ATR induction in a variety of bacteria, significant changes in the chemical composition of cells have been predicted (9) . This assumption is based on the fact that the expression patterns of genes and proteins involved in the central or intermediary metabolism and in the biosynthesis and/or degradation of different macromolecules and smaller molecules are altered during acid adaptation. Only some of these predicted changes have actually been verified directly (15) . FT-IR spectroscopy is a physicochemical method that can determine the global chemical features of cells (29) . PCA of second-derivative-transformed spectra revealed a clear segregation among the acid-tolerant phenotypes and the nonadapted control of S. macedonicus in all four spectral regions that characterize cellular composition. It is, thus, demonstrated that a wide variety of substances, like polysaccharides of the cell wall, fatty acids of the cell membrane, proteins, nucleic acids, and all other compounds of the cell that may absorb in these spectral regions, undergo significant alterations during acid adaptation. Most importantly, the observed changes were not only growth-phase dependent, but they were also influenced by the specific treatment employed for the ATR induction. Previously, we reported that acid tolerance in S. macedonicus is acquired at the single-cell level due to its intrinsic intrapopulation diversity (31) . This could be one strategy employed by the bacterium to increase the likelihood of survival (2) . Furthermore, the fact that none of the major mechanisms underlying acid adaptation (i.e., transcriptional changes, de novo protein synthesis, and changes of the cell membrane as well as the cell wall composition) is absolutely necessary for the induction of the response, as we have already demonstrated for S. macedonicus in the past (31), may constitute a second strategy for coping with low pH. The partial redundancy of these mechanisms ensures that acid tolerance is not totally abrogated in case anyone of them is not properly launched. Despite the fact that common aspects were detected among the acid-tolerant phenotypes, indicating that the ATR is likely to evolve around a common theme (at least for the mid-log-phase cells), the results presented in this study, in our opinion, reflect the plasticity in ATR of S. macedonicus in both the mechanisms involved and the end changes they direct. We believe that the observed plasticity may be employed by S. macedonicus as a third strategy that aids survival, since a probable inability of the bacterium to adjust the overall response to the distinctive traits of a specific acidic stress condition would hinder its effort for maximum adaptability.
Here, we elucidated that the ATR in S. macedonicus is influenced by the growth phase of the cells and the treatments employed to induce the response. Differences at the transcriptional level and in the whole-cell chemical composition were detected by RAP-PCR and FT-IR, respectively, among the acid-tolerant phenotypes tested. RAP-PCR also allowed the identification of acid stress-responsive genes that were informative about the ways S. macedonicus attempts to counteract low pH environments. We will continue with the generation of food grade acid-resistant mutants that may have important biotechnological applications.
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